Lacrimal glands regulate the production and secretion of tear fluid. Dysfunction of lacrimal gland acinar cells can ultimately result in ocular surface disorders, such as dry eye disease. Ca 2ϩ homeostasis is tightly regulated in the cellular environment, and secretion from the acinar cells of the lacrimal gland is regulated by both cholinergic and adrenergic stimuli, which both result in changes in the cytosolic Ca 2ϩ concentration. We have previously described the detailed intracellular distribution of inositol-1,4,5-trisphosphate receptors (IP 3 Rs), and ryanodine receptors (RyRs) in lacrimal acinar cells, however, little is known regarding the expression and distribution of the third major class of intracellular Ca 2ϩ release channels, transient receptor potential polycystin family (TRPP) channels. METHODS. Studies were performed in adult lacrimal gland tissue of Swiss-Webster mice. Expression, localization, and intracellular distribution of TRPP Ca 2ϩ channels were investigated using immunocytochemistry, immunohistochemistry, and electron microscopy. The biophysical properties of single polycystin-2 channels were investigated using a planar lipid bilayer electrophysiology system. RESULTS. All channel-forming isoforms of TRPP channels (polycystin-2, polycystin-L, and polycystin-2L2) were expressed in adult mouse lacrimal gland. Subcellular analysis of immunogold labeling revealed strongest polycystin-2 expression on the membranes of the endoplasmic reticulum, Golgi, and nucleus. Biophysical properties of lacrimal gland polycystin-2 channels were similar to those described for other tissues. CONCLUSIONS. The expression of TRPP channels in lacrimal acinar cells suggests a functional role of the proteins in the regulation of lacrimal fluid secretion under physiological and disease conditions, and provides the basis for future studies focusing on physiology and pharmacology. (Invest Ophthalmol Vis Sci. 2011;52:5605-5611)
PURPOSE.
Lacrimal glands regulate the production and secretion of tear fluid. Dysfunction of lacrimal gland acinar cells can ultimately result in ocular surface disorders, such as dry eye disease. Ca 2ϩ homeostasis is tightly regulated in the cellular environment, and secretion from the acinar cells of the lacrimal gland is regulated by both cholinergic and adrenergic stimuli, which both result in changes in the cytosolic Ca 2ϩ concentration. We have previously described the detailed intracellular distribution of inositol-1,4,5-trisphosphate receptors (IP 3 Rs), and ryanodine receptors (RyRs) in lacrimal acinar cells, however, little is known regarding the expression and distribution of the third major class of intracellular Ca 2ϩ release channels, transient receptor potential polycystin family (TRPP) channels. METHODS. Studies were performed in adult lacrimal gland tissue of Swiss-Webster mice. Expression, localization, and intracellular distribution of TRPP Ca 2ϩ channels were investigated using immunocytochemistry, immunohistochemistry, and electron microscopy. The biophysical properties of single polycystin-2 channels were investigated using a planar lipid bilayer electrophysiology system. RESULTS. All channel-forming isoforms of TRPP channels (polycystin-2, polycystin-L, and polycystin-2L2) were expressed in adult mouse lacrimal gland. Subcellular analysis of immunogold labeling revealed strongest polycystin-2 expression on the membranes of the endoplasmic reticulum, Golgi, and nucleus. Biophysical properties of lacrimal gland polycystin-2 channels were similar to those described for other tissues. CONCLUSIONS. The expression of TRPP channels in lacrimal acinar cells suggests a functional role of the proteins in the regulation of lacrimal fluid secretion under physiological and disease conditions, and provides the basis for future studies focusing on physiology and pharmacology. (Invest Ophthalmol Vis Sci. 2011;52:5605-5611) DOI:10.1167/ iovs. E xocytosis from the lacrimal gland is tightly regulated. 1, 2 Stress, aging, and genetic predisposition can contribute to lacrimal gland dysfunction resulting in lack of or inadequate tear fluid secretion, as manifested for instance in dry eye disease and Sjögren's syndrome. 3 As a result of an aging society, the annual societal cost associated with dry eye disease is an estimated $55.4 million. 4 A better understanding of the basic principles regulating lacrimal gland function is critical to the development of novel therapies for dry eye disease.
The intracellular Ca 2ϩ concentration in a cell is tightly controlled and local and temporal increases govern a large number of cellular processes, 5, 6 including tear secretion.
2 Ca 2ϩ can enter the intracellular environment of the cell either from the extracellular space through voltage-, ligand-, store-, or second messenger-activated Ca 2ϩ channels, 5, 6 or from intracellular stores such as the endoplasmic reticulum (ER). Release of Ca 2ϩ from intracellular stores can be mediated by three main groups of intracellular Ca 2ϩ channels: inositol-1,4,5-trisphosphate receptors (IP 3 Rs), ryanodine receptors (RyRs), and polycystin family transient receptor potential (TRPP) channels. The group of IP 3 Rs consists of three subtypes; all are ligand-gated ion channels, regulated by both their endogenous ligand IP 3 and Ca 2ϩ . 6, 7 The three known isoforms of RyRs share high sequence homology with IP 3 Rs and form tetrameric complexes. 6 TRPPs comprise eight proteins, three of which have been shown to be ion channels: polycystin-2, polycystin-like (PCL), and polycystin-2L2. 8 -10 In addition, mechanisms that control Ca 2ϩ uptake into intracellular stores or extrusion of Ca 2ϩ into the extracellular space contribute critically to Ca 2ϩ homeostasis and the shape of Ca 2ϩ transients. 5, 6 Mechanistically, lacrimal fluid secretion is controlled by differential modulation of the intracellular Ca 2ϩ concentration through two distinct pathways involving both cholinergic and adrenergic stimuli.
1,2 Experimental evidence suggests that cholinergic stimuli activate an intracellular pathway dependent on intracellular Ca 2ϩ release from IP 3 Rs, 11 whereas ␤-adrenergic stimulation results in activation of RyRs. [11] [12] [13] We have previously described the expression of both IP 3 R and RyR isoforms in mouse lacrimal gland acinar cells 14 and been able to correlate their differential distribution patterns with their proposed functions in lacrimal acinar cells.
14 However, to date there is no knowledge as to whether the intracellular Ca 2ϩ channels of the TRPP group of channels are expressed in the lacrimal gland, and/or functionally contribute to tear secretion. Given their expression patterns and role in Ca 2ϩ signaling in other tissues, we hypothesized that TRPP Ca 2ϩ channels are functionally expressed in the acinar cells of the mouse lacrimal gland.
We here for the first time describe the expression and differential subcellular distribution of all three TRPP channels, polycystin-2, PCL, and polycystin-2L2, in lacrimal aci-nar cells. Furthermore, we isolated polycystin-2 channels from adult lacrimal gland and identified their biophysical properties.
MATERIALS AND METHODS

Animals
Male adult albino Swiss-Webster mice (2 months of age) were euthanatized by CO 2 overexposure. All experiments described in the present study were carried out in accordance with the National Institutes of Health, institutional guidelines and in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Antibodies
Rabbit polyclonal antibodies raised against polycystin-2 (PC2), polycystin-L (PCL), and polycystin-2L2 were validated previously 15 and are available from Millipore (Temecula, CA; AB9088, AB9084, and AB9086 respectively. Antibodies were used at 1:1000 dilution for both immunocytochemistry and immunohistochemistry. Secondary AlexaFluor 488-and AlexaFluor 594-conjugated goat anti-rabbit antibodies (Invitrogen, Carlsbad, CA) were used for immunofluorescence detection. The 15-nm gold-conjugated goat anti-rabbit antibody for electron microscopy (EM) (Aurion Immuno Gold Reagent; Electron Microscopy Sciences, Hatfield, PA) was used at a dilution of 1:30.
Isolation of Adult Acinar Cells of the Lacrimal Gland
Isolation of lacrimal acinar cells was essentially as described previously.
14 Individual lacrimal glands were dissected out and enzymatically dissociated for 10 minutes in 0.25% trypsin at 37°C. After centrifugation (2 minutes at 250g), tissue was incubated for 5 minutes with soybean trypsin inhibitor (STI; 0.2 mg/mL in 0.5% BSA, 2.5 mM EGTA/Dulbecco's Modified Eagle's Medium [DMEM] without Na pyruvate), subsequently with collagenase solution for 10 minutes (0.4 mg/mL in 0.5% BSA/DMEM without Na pyruvate), and mechanically dissociated by trituration. The cell pellet was washed with media (10% bovine growth serum [BGS], 1% penicillin/streptomycin in DMEM, at 37°C). Cells were resuspended in 10 mL media and plated on poly-d-lysin/laminin coated glass coverslips at a density of 20,000 cells per coverslip. Cells were allowed to attach for 2 hours in a humidified atmosphere of 95% air, 5% CO 2 at 37°C.
Immunocytochemistry
Attached cells were fixed for 20 minutes in 4% paraformaldehyde (PFA) in PBS at room temperature (RT), followed by three washes with PBS. After 1 hour block at RT (10% normal goat serum [NGS], 1% BSA and 0.05% Triton X-100 in PBS), cells were incubated overnight with primary antibody (diluted in 3% NGS, 1% BSA, and 0.05% Triton X-100 in PBS) in a humidified chamber, protected from light and at 4°C. Cells were washed three times with PBS and incubated with secondary antibody for 1 hour at RT, in a humidified chamber and protected from light. After washing, coverslips were mounted on slides (ProLong Antifade; Invitrogen). Negative controls consisted of the omission of primary antibody from the incubation steps. Three separate experiments using tissue from different animals were performed.
Immunohistochemistry
For immunohistochemical analysis, adult lacrimal glands were fixed with 4% PFA in PBS for 30 minutes at RT, then cryoprotected by sequential immersion in 10%, 20%, and 30% sucrose in PBS. Tissue was mounted (OCT Compound; Sakura Finetek USA., Torrance, CA) and sectioned at 12 m thickness on a cryostat (Leica Microsystems, Bannockburn, IL). Sections were collected on silane coated slides (Mercedes Medical, Sarasota, FL), allowed to dry for 30 minutes at RT and stored at Ϫ80°C until used in immunohistochemistry. Immunostaining was performed as described above.
Electron Microscopy (EM) Analysis
Mouse lacrimal glands were immersion-fixed in PBS containing 4% PFA and 0.5% glutaraldehyde for 5 hours at 4°C. After rinsing in PBS, the tissue was dehydrated in a graded series of ethanol (10%, 30%, 50%, 70%, 95%, and 100%) followed by infiltration (Lowicryl K4M; Electron Microscopy Sciences, Hatfield, PA) according to the manufacturer's recommendation (except that all steps were performed at 4°C and the initiator C was replaced by the same amount of benzoin ethylether). The blocks were UV polymerized starting at 4°C, and slowly raising the temperature to 16°C over a period of 24 hours UV polymerization was then continued at RT for a total of 5 days. Tissue blocks were sectioned on an ultramicrotome (Reichert Ultracut S; Leica Microsystems, Deerfield, IL) at 70 to 100 nm thickness and were collected onto carbon-coated copper 200-mesh grids (Formvar; Ted Pella Inc., Redding, CA). Immunostaining was performed on 20 to 30 L droplets on Parafilm by placing the grids section side down onto the solution droplets. To quench free aldehydes, the sections were first incubated three times for 5 minutes with 0.05 M glycine in PBS. To block nonspecific antibody binding, the sections were then incubated for 15 minutes in incubation buffer I (150 mM NaCl, 1% BSA, 1% cold water fish skin gelatin, and 5% NGS in PBS). Primary antibodies and the gold complex were incubated for 1 hour each. Grids were rinsed six times for 5 minutes each in incubation buffer II (same as incubation buffer I but containing 0.1% Aurion BSA-c instead of BSA) between each incubation step. After the gold-complex incubation, grids were rinsed three times in incubation buffer II, fixed in 2% glutaraldehyde in PBS for 20 minutes, rinsed two times (5 minutes each) in PBS, further rinsed in distilled water five times (5 minutes each), and counterstained with aqueous saturated uranyl acetate for 10 minutes and Sato's lead citrate stain for 2 minutes (both from Polysciences, Inc., Warrington, PA). Control grids were exposed to normal rabbit serum or incubation buffer with the addition of normal goat serum instead of the primary antibody. Grids were viewed on an electron microscope (Zeiss EM 910; Carl Zeiss NTS, LLC, Thornwood, NY) at 100 kV accelerating voltage. Pictures were recorded on electron image films (Kodak SO-163; Electron Microscopy Sciences, Hatfield, PA), and processed (Mohr Pro 8 film/paper processor; Ted Pella Inc., Redding, CA). Negatives were scanned to produce digital image files. For analysis, we performed three separate experiments. Images were chosen randomly and 20 fields were analyzed per data point, as described by us previously.
14
Single Channel Recordings
Single channel recordings of polycystin-2 were conducted essentially as previously described by us. 9 Lacrimal glands from 10 animals were pooled for ER preparations. Vesicles enriched in ER membranes obtained from lacrimal glands were fused to lipid bilayers containing phosphatidylethanolamine and phosphatidylserine (3:1 wt/wt; Avanti Polar Lipids, Alabaster, AL) dissolved in decane (40 mg lipid mL -1 ). Fusion was facilitated by the establishment of a potassium chloride gradient (600 mM potassium chloride on the cytosolic side (cis side), 0 mM potassium chloride on the trans side). Cis side buffer contained 250 mM HEPES-Tris at pH 7.35, whereas trans-side buffer contained 250 mM HEPES supplemented with either 55 mM Ba(OH) 2 , 55 mM Ca(OH) 2 , or 55 mM Mg(OH) 2 , at pH 7.35. Experiments were recorded under voltage-clamp conditions. Ca 2ϩ flux from the ER lumen into the cytoplasm was defined as an inward current, shown as downward deflections. Data were filtered at 1 kHz and digitized at 3 kHz and analyzed (pClamp software version 9; Molecular Devices, Burlingame, CA). The free Ca 2ϩ concentration on the cis side of the protein was adjusted as described previously. 16 Voltage-dependence of the polycystin-2 current was assessed in every experiment; most channels were recorded by applying a holding potential of Ϫ3 to Ϫ5 mV. Three separate experiments were performed; the mean value for every experiment was derived from 5 to 8 bilayers measured per experimental condition.
RESULTS
Distribution and Subcellular Localization of Polycystins in Mouse Lacrimal Gland Acinar Cells
To obtain an initial assessment of the distribution polycystin proteins in adult mouse lacrimal gland we performed an immunohistochemical analysis. Cryosections of adult lacrimal gland tissue showed strong specific immunoreactivity for polycystin-2, PCL and polycystin-2L2 (Fig. 1) . All isoforms were expressed in acinar cells of ducts as well as surrounding tissue, especially cells of the caruncula lachrymalis. Omission of primary antibody (control) confirmed the specificity of immunostaining.
Similarly, all three polycystin isoforms were expressed in freshly isolated lacrimal acinar cell preparations (Fig. 2) . Whereas polycystin-2 is distributed throughout the cell body, PCL and polycystin-2L2 show lighter cell body labeling yet distinct puncta indicative of plasma membrane expression (Fig. 2) .
Our quantitative subcellular analysis using EM revealed highest expression of polycystin isoforms in the membranes of the ER/Golgi apparatus and in the membranes of the nuclear envelope (Fig. 3A) . Low level expression was found in mitochondria and secretory vesicles, with even lower numbers at the plasma membrane (Fig. 3A) . Quantitation is based on analysis of EM micrographs from three separate lacrimal glands per antibody (Fig. 3B ).
Functional and Biophysical Characterization of Polycystin-2 Isolated from Adult Mouse Lacrimal Gland
With polycystin-2 primarily expressed on the membrane system of intracellular Ca 2ϩ stores, namely the ER contiguous with the nuclear envelope and the Golgi apparatus, we next determined if polycystin-2 forms functional intracellular Ca 2ϩ channels when isolated from lacrimal gland tissue. ER microsomes were prepared from adult mouse lacrimal gland tissue, reconstituted into planar bilayer lipid membranes, and single channel activity of native polycystin-2 channels was measured in the presence and absence of physiological and pharmacological modulators (Fig. 4) . To exclude the contribution of other intracellular Ca 2ϩ channels recordings were performed in the absence of the IP 3 receptor agonist IP 3 , 5,9 and after adding the ryanodine receptor inhibitors ruthenium red (20 M) and ryanodine (10 M).
Polycystin-2 from lacrimal glands displayed strong a voltage-dependent open probability and activity, as well as inhibition by cytoplasmic Mg 2ϩ (3 mM and 10 mM) and a bimodal dependence on cytoplasmic Ca 2ϩ concentrations (Figs. 4A and 4B) gland tissue was Ca 2ϩ -dependent and was activated differentially by a range of physiological cytosolic Ca 2ϩ concentrations (pCa 7-3; Fig. 4A ) and inactivated at higher cytosolic Ca 2ϩ concentrations (Fig. 4A ). Physiological and pharmacological modulators of other known ER calciumrelease channels, namely of IP 3 Rs and RyRs (10 M cyclic adenosine diphosphate ribose; 10 mM caffeine; 10 M ryanodine; 10 M ruthenium red, 1 M IP 3 ; 1 M Xestospongine C; 50 g/mL heparin), did not have an effect on activity or biophysical properties of single-channel lacrimal gland polycystin-2. In contrast, Mg 2ϩ , when added to the cytosolic side of the channel, reduced single-channel open probability to inactivity while biophysical hallmarks of the channel (current, conductance, and voltage dependence of the channel activity; Fig. 4B) were not affected.
DISCUSSION
We here describe the expression, subcellular localization and functional properties of polycystin-2 channels in the adult mouse lacrimal gland.
The lacrimal gland is a component of the 'lacrimal functional unit,' consisting of lacrimal glands, ocular surface, lids, and meibomian glands, as well as the interconnecting neural reflex loops. 17 As such, the lacrimal gland serves a critical role in tear production and secretion; dysfunction of lacrimal acinar cells is a pathophysiological mechanism underlying dry eye disease. 1, 17 Intracellular Ca 2ϩ signaling pathways are pivotal in the response of lacrimal acinar cells to neuronal stimuli, 2 and dysregulated Ca 2ϩ signaling has been identified in diseases of the lacrimal gland. 18 However, little is known about the molecular identity of the intracellular Ca 2ϩ channels involved. We have previously identified IP 3 Rs and RyRs in lacrimal acinar cells 14 and proposed the existence of distinct pathways selectively using IP 3 Rs and RyRs in response to cholinergic or ␤-adrenergic stimulation, 2,14 respectively. Our discovery of polycystin-2 expression in the lacrimal gland adds to the complexity of the role of Ca 2ϩ signaling in tear secretion and provides potential new targets for pharmaceutical intervention for dry eye disease and other diseases affecting structure and function of lacrimal glands.
Using immunohistochemistry on sections of mouse adult lacrimal gland and immunocytochemistry on acutely isolated lacrimal acinar cells, we show significant expression of all three isoforms of polycystin-2 channels of the TRPP family, polycystin-2, PCL, and polycystin-2L2. The diffuse cytosolic pattern of immunoreactivity and the high expression on the membranes of the ER/Golgi (and to a lesser extent to the membranes of the nuclear envelope) is similar to that of other intracellular Ca 2ϩ channels, specifically IP 3 Rs and RyRs. 14 PCL and polycystin-2L2 show additional immunoreactivity at the plasma membrane, consistent with their role as plasma membrane Ca 2ϩ channels. 8,10,19 -21 In contrast, polycystin-2 is the only intracellular Ca 2ϩ channel featuring a noncanonical ER retention sequence 9 and accordingly does not show plasma membrane expression in lacrimal gland ducts or freshly isolated lacrimal acinar cell preparations.
To further characterize polycystin-2 in the lacrimal gland, we performed a detailed electrophysiological analysis of polycystin-2 channels using the lipid planar bilayer electrophysiology system. Lacrimal gland polycystin-2 channels exhibited very similar properties to those reported by us previously for other tissues 9 and organisms. 22 Specifically, the slope conductance of lacrimal gland polycystin-2 channels was similar to those measured in kidney epithelial cells and C. elegans (114 and 104 pS, respectively 9, 22 bimodal dependence on cytoplasmic Ca 2ϩ concentrations were similar to those reported by us for other tissues 9 and organisms. 22 The results presented here complement existing data correlating activation and function of intracellular calcium channels with tear fluid secretion from the lacrimal gland, as we show that polycystin-2, given its localization and biophysical properties, forms functional intracellular Ca 2ϩ release channels in mouse lacrimal gland.
It has previously been shown that colocalization of polycystin-2 and IP 3 Rs in microdomains is essential for local Ca 2ϩ -induced Ca 2ϩ release mechanisms, [22] [23] [24] and that disruption of this interaction likely accounts for pathophysiological aberrations in autosomal dominant polycystic kidney disease. 22, 24 Similarly, it has been shown that polycystin-2 regulates RyRmediated Ca 2ϩ signaling in cardiac myocytes. 25 Based on these findings, it is likely that polycystin-2 channels are modulators of intracellular Ca 2ϩ signaling in the lacrimal gland. However, little is known to date about the contributions of polycystin-2 to the complex Ca 2ϩ signaling in exocrine glands. 26 Besides the present report of polycystin-2 expression in the lacrimal gland, polycystin-2 expression has only been identified in adult pituitary gland. 27 Elevated levels of oxidative stress contribute to the pathophysiology of dry eye disease. 28 Oxidative stress often results in dysregulated Ca 2ϩ homeostasis and intracellular Ca 2ϩ channels are targets for oxidative stress-induced modulation. 29, 30 For instance, polycystin-2 is downregulated in response to radical oxygen species in term human syncytiotrophoblasts. 31 In contrast, we have previously shown that IP 3 Rs are upregulated in response to oxidative stress. 32 Besides oxidative stress, hormonal regulation contributes to the etiology of dry eye disease, with females being at higher risk for developing the disease. 3, 4, 17 Hormone replacement therapy even further increases the risk for developing dry eye disease. 33 Interestingly, polycystin-2 mRNA levels in the lacrimal gland are directly correlated with hormone levels. Overall mRNA levels have been shown to be significantly higher in females than in males. 34 Furthermore, polycystin-2 mRNA levels could be increased by estrogen treatment, 35 and reduced by testosterone exposure. 36 Based on these findings, it could speculated that increased levels of polycystin-2 under conditions of oxidative stress, together with changes in other intracellular Ca 2ϩ channels, 32 result in Ca 2ϩ dyshomeostasis in the lacrimal gland and ensuing deficits in lacrimal fluid secretion that contribute to etiology of dry eye disease.
PC
Future studies are warranted to demonstrate the specific involvement of polycystin-2 channels in Ca 2ϩ handling in the lacrimal gland under physiological conditions, as well as the possible involvement of polycystin-2 in the pathophysiology of diseases affecting the lacrimal gland and their modulation by oxidative stress. Results from these studies will determine the potential benefit and feasibility of targeting polycystin-2 channels as novel pharmaceutical intervention approaches in dry eye disease and Sjögren's syndrome.
In conclusion, we here report that the intracellular Ca 2ϩ channel polycystin-2 is expressed at significant levels in mouse adult lacrimal gland and exhibits properties similar to those reported in other tissues and organisms. Our results highlight the need to further decipher mechanisms and pathways of Ca 2ϩ signaling in the lacrimal gland and support the strategy of using Ca 2ϩ signaling as a therapeutic target for the treatment of ocular diseases affecting tear production. 
